This paper describes ongoing research investigating student approaches to quantitative and qualitative problem solving in physics. This empirical study was conducted using a phenomenographic approach to analyze data from individual semistructured problem solving interviews with 22 introductory college physics students. The main result of the study is a hierarchical set of categories that describe the students' problem solving approaches in the context of introductory physics.
INTRODUCTION
This study presents a set of categories that describe the problem solving state of a set of novice college physics students. This work is new within the context of the Irish and European education systems; however, parallels will be drawn with the United States education system and research carried out there. With these new categories of students' initial approaches to problem solving, teaching and assessment practices may be developed to help students advance to higher hierarchical categories of problem solving. This study was carried out in the context of an Irish school of physics, which has set up a Physics Education Research Group in order to carry out research to inform curriculum development, and teaching and assessment practices. Over the past six years the school has introduced new pedagogical approaches including problem-based learning, 1, 2 project-based learning, 3 and peer instruction 4 and this research will be used to inform these teaching practices, in particular the facilitation of group learning activities.
The research presented here is one part of a larger project that aims to explore the relationship between conceptual knowledge and problem-solving ability. This paper, however, sets out to specifically answer the following research question: How do introductory physics students approach problem solving?
While a large number of physics education research groups have carried out studies on conceptual difficulties experienced by students, fewer studies have focused on how to develop students' ability to solve quantitative problems. 5 This is surprising, as one of the principal goals of a physics course is to produce adept problem solvers who can transfer their knowledge and understanding to real world situations. An issue which has been raised by a number of physics education researchers recently is whether the community is placing too much emphasis on gains in conceptual understanding, while "sacrificing problem solving skill development." 6 Having said that fewer studies have investigated interventions to improve problem solving in physics, there is still extensive literature on the subject of the problem solving abilities of students. [7] [8] [9] [10] [11] [12] Many studies have shown that, although students can learn to solve quantitative problems by plugging values into algorithmic equations, they may not be developing the skills necessary to transfer their understanding and solve more complex problems. 4, [13] [14] [15] [16] A common view throughout most of this literature is that instruction should encourage students to "think like a physicist" or result in a shift from "a novice problem solver" to "an expert problem solver." Reif and Heller 17 discussed this view of student problem solvers by comparing and contrasting the problem solving abilities of novices and experts. Their findings showed that the principal difference between the two was in how they organize and use their knowledge in the context of solving a problem. Experts rapidly redescribe the problem and often use qualitative arguments to plan solutions before elaborating on them in greater mathematical detail. Novices rush into the solution by stringing together miscellaneous mathematical equations and very quickly encounter difficulties. Physicists organize their knowledge in a very structured way and therefore can call on this knowledge when and in the order that it is needed. However, novice physics students do not necessarily have this knowledge structure, as "their understanding consists of random facts and equations that have little conceptual meaning." 18 This gap between expert and novice problem solvers has been well studied with an emphasis on classifying the differences between students and experts in an effort to discover how students can become more expertlike in their approach to problem solving. [19] [20] [21] [22] However, introductory physics students will rarely achieve this higher-level problem solving expertise during their first year in college, nor are they necessarily expected to. What is expected is that they begin to learn to develop a coherent knowledge structure, which they can then learn to access and "activate" appropriately in order to solve problems. 23, 24 One research group, among others, that has devoted a good deal of time to investigating students' different problem solving approaches is the University of Maryland Physics Education Research Group. 25 The majority of their foci have been on exploring the manner in which students activate ͑or don't, as the case may be͒ their knowledge of mathematics in order to approach physics problems. [26] [27] [28] [29] Tuminaro 30 describes students' use of mathematics in their approaches to problem solving in terms of the epistemic games 31 that they play while attempting to solve the problems. This work involved the categorization of students' problem solving approaches while they worked in groups using an observational methodology. The researchers identified six epistemic games that these students played as they used mathematics to approach problem solving; these are mapping meaning to mathematics, mapping mathematics to meaning, physical mechanism games, pictorial analysis, recursive plug-and-chug, and trans-literation to mathematics. These epistemic games will be compared later in the paper to the categories discovered through the research presented here.
RESEARCH APPROACH
Phenomenography was chosen as the strategy of inquiry or methodology with which to answer the research question involved in this study. [32] [33] [34] [35] [36] Phenomenography has become an established methodology in education research, as it aims to understand the various ways in which different people experience, perceive, or understand the same phenomenon. [37] [38] [39] Its foundations are in educational research, where it evolved out of the desire to understand why some students are better learners than others. Although the relationship between phenomenology 40 and phenomenography has been regarded as unclear, 41 and phenomenography is sometimes seen as a subset of phenomenology, it did not emerge or derive from phenomenology. 42 To take a phenomenological approach is to step back from ordinary assumptions regarding things and to describe the phenomena of experience as they appear, rather than attempt to explain why they appear that way, whereas phenomenography aims to find out the qualitatively different ways of experiencing or thinking about some phenomena. 34 Different people will not experience a given phenomenon in the same way, but a phenomenographic approach assumes that there are a limited number of qualitatively different ways in which different people can experience the same phenomenon.
The researcher seeks to identify the multiple conceptions, or meanings, that a particular group of people has for a particular phenomenon or a number of phenomena. Thus, the objects of study in phenomenographic research are the qualitatively different ways in which people experience or make sense of different phenomena in the world around them. The outcome of phenomenographic research is therefore a set of categories that describe the qualitative variation in the ways the sample participants ͑e.g., students͒ experience, interpret, understand, perceive, or conceptualize an object of study, a phenomenon, a concept, or an activity 33 ͑e.g., solving physics problems͒. This ordered and related set of categories of descriptions is called the "outcome space" of the concept being studied. However, phenomenography is more than just identifying these conceptions and outcome spaces; it also involves looking at their underlying meanings, the relationship between them, and their implications in a given context.
In this theoretical approach, it is irrelevant if these conceptions are considered "correct" or "incorrect" by current standards. The aim is simply to elucidate the different possible conceptions that people have for a given phenomenon; moreover, it is the relation between the phenomenon and the people experiencing it that is important. The analysis involves identifying the conceptions and looking for their underlying meanings and the relationship between them. 37 Although it is appropriate to answer the research question of this study using a phenomenographic approach, it is not a "pure" phenomenographic approach. Marton ͑Ref. 33, p. 38͒ suggests that the concepts under study are mostly "phenomena confronted by subjects in everyday life rather than in course material studied in school." Pure phenomenography is not appropriate, as the aim of this research is to provide information on student approaches to problem solving in order to use the outcomes in the context of learning and teaching. Therefore, a variation of phenomenography is used called "developmental phenomenography." 43 Bowden and co-workers have carried out a number of investigations into student learning in physics using a developmental phenomenographic approach. 44, 45 For instance, Bowden et al. 46 used this research methodology to investigate students' understanding of displacement, velocity, and frames of reference. The researchers interviewed a number of first-year students about their understanding of these particular concepts, encouraging students to give full explanations of their understanding. The interviews were then transcribed and subjected to phenomenographic analysis, involving numerous members of the research group. Categories that described the variations in conceptions were drawn from the data, with the focus on the students' meaning rather than on particular sentences. These initial hierarchical categories were then reexamined and compared, until a final set of categories was constituted that represented all the variation in the data. Sharma et al. 47 also adopted a phenomenographic methodology to describe the variations in the way in which students understood the concept of gravity. Therefore, this methodology, and the methods used and developed by these researchers, were adopted to undertake the research presented here.
INDIVIDUAL INTERVIEWS
For this study, semistructured interviews were used, in which specific questions were prepared but any unexpected lines of reasoning were also followed. Although one of the aims of the interviews was to investigate student's conceptual understanding of a small number of concepts, those results are not presented here. The principal aim of the individual interviews was to examine the various ways in which the students approach quantitative physics problems.
The interviews, which were videotaped, consisted of a sequence of six physics problems with the first two being typical end-of-chapter linear motion problems. Two of the problems were adapted from context-rich questions developed by the physics education research group at the University of Minnesota. 48 The problems used are presented in the Appendix. Generally the problems became progressively more complex, and therefore if a student did not complete all of the problems this was indicative of his/her problem solving ability. The interview did not have a time limit, but ended when the student could not continue. Some of the students completed all six problems, while others may have completed only two or three. Retrospectively, the interviews lasted on average 45 minutes; however, this varied, and no particular time was allotted for the interviews. For instance, one student completed all six problems in 55 minutes, whereas for another student who could attempt only two questions the interview lasted half an hour. However, for the purpose of this study, this did not pose a difficulty as it was the description of the students' problem solving approaches that was under investigation and not the students' solutions to the problems. The interviewer read each question aloud to the students and the students were then given time to read the problem themselves. The reason the problem was initially read aloud by the interviewer was to overcome any discrepancies in how the students read the problems. The students were asked to state their first ideas on what the problem involved and then asked to describe, qualitatively, how they were going to go about solving the problem. After this, the students were encouraged to "think aloud" 49 as they solved the problem on paper ͑which was collected at the end of the interview͒. An equation sheet was available during the interviews, containing a list of equations the students encountered during their mechanics module. Once the students had solved, or attempted to solve, the problem they were asked how confident they were in their answer and asked to explain this level of confidence. In this way each interviewee was encouraged to qualitatively analyze his/her solution. Because of the graded nature of the problems, and with the use of the thinking-aloud protocol, the students' approaches could be identified.
INTERVIEW PARTICIPANTS
Twenty-two participants were selected from four programs in a higher education institution in Ireland; two of the programs were four-year honors degree 50 physics programs delivered through problem-based learning, 1,2 another was a four-year honors degree medical science program, and the last was a three-year ordinary degree 50 general science program. Both of the latter were delivered in a predominantly traditional manner, although the lecturers were different. The participants were all in their first year of study, and the sample comprised 12 male and 10 female students, ranging in age from 18 to 24. The participants in the study had completed the Irish Leaving Certificate, 51 which typically consists of six subjects, each taken at either higher ͑honors͒ or ordinary ͑pass͒ level. Ten of the participants had studied physics as a subject for the Leaving Certificate, either at higher ͑honors͒ or ordinary ͑pass͒ level. This two-year course of study is a broad introduction to physics and covers the general areas of mechanics, optics, heat and temperature, sound, electricity, and modern physics. The participants for the interviews were chosen based on the results of a diagnostic tool, the Force and Motion Conceptual Evaluation ͑FMCE͒, 52 in order to obtain a cohort with a cross section of abilities. The FMCE is a 47-item research-based, multiplechoice assessment that was designed to "probe conceptual understanding of Newtonian mechanics" ͑Ref. 52, p. 338͒. The students' results were grouped as low, medium, and high, and a similar number of students were randomly chosen from each group. The chosen students were contacted and asked to volunteer for the interviews; only three declined, which was encouraging as no incentive was offered. The interviews were carried out over a two-week period, following six weeks of formal instruction in mechanics. In addition to the student interviews, one instructor interview was conducted with a member of the physics faculty. The procedure for this interview followed that of the others; the instructor was asked to talk aloud during the interview, and it was videotaped. This instructor interview and its purpose will be discussed in some detail in the following sections.
METHOD OF ANALYSIS
The interviews were transcribed verbatim from the videotapes and used in conjunction with the students' written solutions to ensure all data were accounted for. In analyzing the data, qualitatively distinct categories were identified that described the students' approaches to problem solving. Transcripts of the students' interviews were examined independently by three members of the research group, looking for both similarities and differences among them, selecting significant statements, and comparing these statements in order to find cases of variation or agreement, and thus grouping them accordingly. Through this process initial categories were developed by each of the three researchers that described the students' approaches to problem solving, with the initial categories developed using only a subset of the interview transcripts. Once this initial categorization was complete, the researchers met to discuss their categories and their interpretation of the solutions. The categories were then revised until the researchers reached a consensus about the final set of categories.
An outcome space was developed that included the minimum number of categories which explained all the variations in the data. With these categories in mind all the interview transcripts were reexamined, to determine if the categories were sufficiently descriptive and indicative of the data. This iterative data analysis procedure is consistent with the phenomenographic approach, 43 as Marton ͑Ref. 32, p. 43͒ states that "definition for categories are tested against the data, adjusted, retested, and adjusted again."
The instructor interview was not included in the phenomenographic analysis, as the aim of the analysis was to develop a scheme for categorizing the problem solving state of a class of students. The interview with the lecturer was conducted solely to provide data for comparative purposes.
RESEARCH FINDINGS
The analysis of the interview transcripts revealed a hierarchical set of categories that describes the interview participants' approaches to solving quantitative physics problems ͑Table I͒. The categories are all internally related and are described using two components: How do these students approach problem solving? and what is the focus of their approach? Table I outlines the categories, the key characteristics of each category, and the number of students in each category. Each category is then described in some detail, with an example of a student's problem solving sequence for one of the problems. However, it should be noted that it is the problem solving approaches that the students use on all of the problems that define the categories, not just the one example shown here; this is just for illustration purposes. Therefore, in the individual examples given below, the students may not display all the key characteristics, but they do over the course of doing all the problems.
Scientific approach
Students that use this approach to solve problems qualitatively evaluate the physical situation by referring to the physics concepts involved. These students identify the concepts that would be involved in solving the problem and discuss, in a coherent manner, the way in which those concepts relate to the problem. These students outline a plan for solving the problem and then identify the variables that will be used to find an answer. Within this small group, the students are familiar with the equations that they require to solve the problem ͑they do not need to refer to the equation sheet͒. The students use the information they have to solve the problem, but they may not always get the correct answer due to either a mathematical mistake or a conceptual problem. The focus throughout the solution process is on how the concepts are related, using this to guide the solution. Interestingly, these students draw a physical representation only when they believe it will help them visualize the problem; the majority of the time they rely on their qualitative evaluation. These students evaluate their solutions either qualitatively or by defending or dismissing the numerical value they have obtained based on what they believe the solution should be. Below is an example of a student ͑student 3͒ using this approach to solve problem 3. students who were categorized as having a scientific approach to problem solving could in fact apply a plug-and-chug approach when solving a lower-level problem. Generally, they would still analyze the situation to begin with, but would then simply choose an appropriate formula and solve the problem. It became apparent that the students were using a scientific approach only when they were faced with higher-level problems and a strategic approach was necessary. This is discussed in more detail in the Discussion section of the paper.
Plug-and-chug

Structured manner
Students who approach problem solving in this way evaluate the problem by stating what formulas or type of formula will be used to solve the problem. These students relate the concepts to the variables that are involved and identify the target variable. In this way they plan their solution based on the variables given in the problem and they immediately seek an appropriate formula; thus they identify the variables that are not given, but are needed for a solution to be found. These students often come across obstacles, because even though they are using a problem solving strategy, it is based primarily on the variables they are using rather than on a solid analysis of the physical situation. However, the focus throughout the solution process is on how the concepts are related, and they use this to guide the solution. These students evaluate their solutions either qualitatively or by defending or dismissing the numerical value they have obtained based on what they believe the solution should be. Below is an example of a student ͑student 10͒ using this approach to solve problem 3.
Student:
Well velocity. The student does this but fails to notice until the end of the solution that a 2 is zero; the interview lasts for some time longer but the student does not achieve a correct answer. This is characteristic of this approach in that, although the student has planned the solution correctly, he has relied on the variables and the equations involved.
Unstructured manner
Students who approach problem solving in this way evaluate the problems by concentrating solely on identifying the variable that is required. These students relate the variables that are given in the problem to formulas that they believe they can use to solve the problem. They identify the variables and equations correctly, but may not notice that the manner in which they are solving the problem is incorrect or does not in fact answer the question. This group of students has difficulty when it is necessary to manipulate a formula or combine a number of concepts to solve a problem. Students in this category may choose an appropriate formula, which could in principle produce a correct answer, but many do not actually find a correct answer. This is mainly due to the incoherency in the structure of their solutions. The focus throughout the process is on the variables; these students do not attempt to relate the concepts to the variables in order to guide the solution. These students do not make an attempt to evaluate their solution, if they obtain an answer they accept that answer as correct; "otherwise it wouldn't work out." The following is an example of a student ͑student 21͒ using this approach while attempting to solve problem 2. In this example, the student finishes with a quadratic equation and believes that once the equation was solved the answer would be t. However she does not attempt to solve the equation. Problem 2 is used as an example in this case as many of the students in this category could not solve the higher-level problems ͑problems 3-6͒ and therefore this problem best serves to highlight the characteristics of the approach.
Student:
Equations No.
Memory-based approach
Students who approach problem solving in this way analyze the problem based on situations that they have encountered in the past. They do this either by trying to recall the type of equation that they should use or by relating the problem to a similar one, done perhaps in class. Proceeding in the same way as students from the unstructured plug-and-chug category, these students relate the variables that are given in the problem to formulas that they believe they can use to solve the problem, and the focus of the solution is not based on the concepts that are involved. However, this is based upon their assumption that the problem can be solved in the same way as the previously encountered one. This could be compared to solving by analogy; however, the focus is not on the concepts involved but simply on the variables in the problem, and therefore the solution is not based on a solid representation of the problem at hand.
Again, students in this category are sometimes successful in answering the problem, this time, by remembering a process or similar problem that they have encountered. In the following example the student ͑student 17͒ actually makes an accurate analysis of the situation in problem 3. However, she is basing the analysis on another problem, which she could not complete the first time, and as a result she does not try to understand or use this analysis to solve the problem.
Student:
This In class, then I got the answer completely wrong, so it really doesn't help me. The interview continues with the student restating everything in the problem; however, she cannot and does not attempt to quantitatively solve the problem.
No clear approach
Students who are positioned in this category do not try to approach the problem with any sort of strategy; they analyze the situation in terms of the variables that are given in the problem. However, these students do not refer to the vari-ables as concepts; rather they discuss them as unrelated terms or letters, as can be seen from the following example. Therefore the focus of this process is not on the concepts involved, nor is it based on any particular method of solution. This group of students tends to try to manipulate the given variables in a rather random way to give an answer. These students are generally not faithful to any particular line of reasoning; if the interviewer questions them on a matter they are likely to change their strategy very easily. These students make no attempt to evaluate a solution that they may obtain, and this seems to be because they have no confidence in the process or strategy that they employed. The following example shows a student ͑student 13͒ using this approach to solve problem 2.
Student:
Same I want to find v. ͓Writes͔ v = ⌬s / ⌬t. After this, the interviewer prompts the student and she uses the equations of motion to find an incorrect answer. As mentioned earlier, the categories were constituted from all of the data and taking each interview transcript as a whole; therefore the single examples shown here may not show all of the characteristics for all of the categories.
DISCUSSION
The categories describing the approaches to problem solving exhibited by this cohort of students are composed of similar components, and yet they represent the qualitatively different ways in which these students approach problem solving. In certain cases, two categories may have a common component, yet this serves to further define and relate the categories in terms of the variation in the approaches. An example of this can be seen between the scientific approach and the structured plug-and-chug approach: in each case, students focus on the concepts to guide their solution; however, they approach problem solving in different ways. Tuminaro 30 describes the "epistemic games" that students play when solving problems, which were developed by observing "episodes" of groups of students as they solved homework problems. The emphasis of Tuminaro's categories is on the students' use of mathematics in their approaches to problem solving; however, many similarities can be drawn between those epistemic games and the outcome space of problem solving approaches presented here. The "mapping meaning to mathematics" game can be closely compared with the scientific approach constituted from these data; likewise, the mapping mathematics to meaning can be compared with the structured plug-and-chug category. The game "pictorial analysis" is not specifically related to any single one of the categories presented here; however, the "recursive plug-andchug" game is closely related to the unstructured plug-andchug category. Interestingly, the lowest hierarchical epistemic game, "transliteration to mathematics," can be compared to the memory-based approach in that the students approach the problem by trying to find a solution pattern that seems to match the current problem. Although it was not the intention of the research presented here to investigate students' use of mathematics, but rather to present a set of categories which allowed for a better description of novice problem solvers, the results produced by both sets of research serve to imply that these categories could be used to track student progress during a typical year of study of introductory physics.
The categories presented here confirm that the majority of students do not approach physics problems qualitatively. Van Heuvelen 18 suggests that physicists approach a problem by qualitatively analyzing the situation and then constructing a diagrammatical or graphical representation of it. Meltzer 12 agrees that qualitative representation of a situation is an important factor in problem solving, and that introductory students often find it difficult to do this. Only a small number of these students actually attempted to make a diagrammatical analysis of the problems, and an interesting result here was that the students who did draw a physical representation did not do so for all of the problems that they approached. In an effort to compare the students' approaches to that of an expert, an instructor from the same institution was asked to carry out an individual interview. One of the most obvious points of departure in this interview was the instructor's tendency to immediately and always draw a diagram of the physical situation. The instructor was asked to think aloud as he solved the problem, as were the students who had participated. Another clear difference in the instructor's approach was that he initially approached the problems using the concepts involved rather than stating the equations that would be employed. For example in problem 1, his "first thought" was conservation of energy rather than linear motion equations. It is also interesting to note here that none of the interview participants approached problem 1 using conservation of energy. The instructor explicitly stated any assumptions he was making in solving the problem, for instance, again in problem 1, "I'm assuming it's being dropped from rest so you have its potential energy, mgh. I'm assuming that is equal to its kinetic energy just before it hits the ground." Again, none of the interview participants did this; furthermore, many of the students did not pay sufficient attention to the wording in the problems. They approached the problems impulsively, often skimming over them and deciding on an approach and then changing their minds about the process repeatedly.
Problem 1 required little problem solving ability in order to solve it, and as long as the student understood that the watermelon would accelerate due to gravity and identified the variables of displacement and velocity, they simply needed to choose an appropriate kinematics equation ͑which is a very simple form of problem solving͒. Worryingly, a number of students had to be prompted about the acceleration involved; however, this is not discussed here as it forms part of another study involving students' use of their conceptual knowledge, which will be presented in future. Many students from the plug-and-chug and memory-based categories used a trial and error approach with the equations; however, in most cases the students obtained the correct answer.
On the other hand, problem 3 required little conceptual understanding in order to solve it. In this case the students had to realize that both cyclists would travel the same distance in the same time and use simultaneous equations. Therefore this problem may not have been a typical problem that the students would encounter in class. However, when confronted with this problem most of the students did not approach the problem in a structured manner. Many simply calculated how long it would take to increase velocity until they had reached the velocity of the faster cyclist, while not taking into account that the faster cyclist is moving forward all the time. Of the few students who did recognize that the displacement of both cyclists would be the same, only a small number of students attempted to use simultaneous equations to solve the problem. This problem required a more sophisticated problem solving strategy, as it required students to see the big picture. This problem must be approached as a whole rather than attempting to solve it in parts, but most students approached it by breaking it up into the two cyclists' independent journeys. This problem posed no difficulty for the instructor, who immediately made a diagrammatic representation of the problem before he qualitatively analyzed it and stated the assumptions that he was making. He continued by determining his goal, constructing his plan, and finally executing his plan. When he had obtained a quantitative answer, he looked back over his work and the problem itself before concluding that he believed his answer was correct.
As previously mentioned, another interesting finding that emerged from analysis of the interview data was that a person categorized as taking a scientific approach to problem solving could simply use a plug-and-chug technique for certain problems when appropriate. This means that, if a problem only required a student to use a certain formula, then students who had a scientific approach could simply plug the variables into the formula and obtain a correct answer. This is consistent with how experts would approach problem solving, when they are confronted with a simple algorithmic problem. 19 However, these students are confident, not only in their approach, but in their choice and use of the appropriate formulas. But students who depended predominantly on the plug-and-chug approach cannot adopt the scientific approach when the plug-and-chug approach is not adequate. The type of problem typical of end-of-chapter problems 53 and some examination questions could be solved by students within the plug-and-chug structured category, as these students tend to use a somewhat strategic approach when solving the problems. However, as the problems become more complex, the strategy of simply identifying the correct variables is no longer adequate. Heller and Hollaugh 8 among others 7, 22 have highlighted the need for students to be able to solve realworld, context-rich problems. The research presented here demonstrates that the majority of students could not solve these problems and verifies that problem solving skills should be an explicit element of instruction. Hoellwarth et al. 6 discussed the need for students to learn both concepts and problem solving skills, and this is tentatively verified within the research shown here, as those students who showed a gain in conceptual understanding, as measured by the FMCE, 52 also showed higher-level problem solving skills. However, this is not within the scope of this paper, and a larger number of students and further studies are needed for this result to be statistically significant.
Those students categorized as unstructured could attempt the end-of-chapter type problems, and may obtain an answer, but may not know or recognize that the approach or answer was incorrect; and this is also true for those students categorized as memory based. However, those students who are described as having no clear approach would find it quite difficult to solve typical end-of-chapter problems, as they do not seem to use any coherent knowledge structure with which to solve the problems.
These categories describe the problem solving approaches of a set of novice problem solvers. None of these students could be categorized as experts, as much more than a strategic approach is expected from an expert problem solver.
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CONCLUSIONS AND IMPLICATIONS FOR FURTHER RESEARCH
This paper outlined phenomenographic research that described students' various approaches to solving physics problems, through the analysis and interpretation of interview data with 22 introductory students. The hierarchical approaches to problem solving were represented by an outcome space which consisted of four main categories: scientific, plug-and-chug, and memory based approaches, and no clear approach. The plug-and-chug category was clearly split into two subcategories, structured and unstructured. This study confirms that the majority of students who begin higher-level education do not approach problem solving in a strategic or scientific manner. Most of these students used a plug-andchug approach by identifying variables and trying to find some formula, appropriate or not. However, the result of this research is an outcome space that allows for a better description of the problem solving approaches of a class of students. The researchers do not claim that these categories can be used to describe all students' problem solving approaches; however, as the cohort was mixed from a variety of academic backgrounds ͑within the Irish system͒ the outcome space seems to describe the problem solving state of first-year college physics students in Ireland. Also, these categories have similarities to those observed by another group of researchers within the United States higher-education system.
Ongoing research in this area involves investigating how the students' conceptual knowledge affects their ability and approach to problem solving. Another aspect of the study will involve examining students' approaches to problem solving as they progress through their undergraduate studies; perhaps as their conceptual framework becomes more coherent, their approach may become more scientific.
Also, during the course of the present study, the pedagogical delivery of the physics material was not taken into consideration, so further research will examine the development of both conceptual knowledge and problem solving skills within the different learning environments in which students learn physics. In addition, these studies will inherently inform the pedagogical processes that will support the development of problem solving skills and encourage students to more toward the highest category of scientist.
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APPENDIX: INDIVIDUAL INTERVIEW PROBLEMS
͑1͒ If I drop a 2 kg watermelon from the top of a threestory building, say around 10 m high, how fast will the watermelon be going when it hits the ground?
͑2͒ Say you are standing here, holding out your hand, which is about 2 m above the ground, and you throw a ball straight up. If the ball leaves your hand with a speed of 15 m / s, how long will the ball be in the air before it hits the ground?
͑3͒ Just for the fun of it, you and a friend decide to enter the famous Tour de France bicycle race. You are riding along at a comfortable speed of 10 m / s when you see in your mirror that your friend is going to pass you at what you estimate to be a constant 15 m / s. You will, of course, take up the challenge and accelerate just as she passes you until you pass her. If you accelerate at a constant 0.25 meters per second each second until you pass her, how long will she be ahead of you?
͑4͒ A car with a mass of 1300 kg is initially moving at a speed of 40 m / s when the brakes are applied and the car is brought to a stop in 15 m. Assuming that the force that stops the car is constant, find the magnitude of that force, and the time required for the change in speed.
͑5͒ You have been hired to design the interior of a special executive express elevator for a new office building. This elevator has all the latest safety features and will stop with an acceleration of g / 3 in case of any emergency. The management would like a decorative lamp hanging from the unusually high ceiling of the elevator. You design a lamp that has three sections, which hang one directly below the other. Each section is attached to the previous one by a single thin wire, which also carries the electric current. The lamp is also attached to the ceiling by a single wire. Each section of the lamp weighs 7.0 N. Because the idea is to make each section appear that it is floating on air without support, you want to use the thinnest wire possible. Unfortunately, the thinner the wire, the weaker it is. To determine the thinnest wire that can be used for each stage of the lamp, calculate the force on each wire in case of an emergency stop.
͑6͒ Two blocks, one with a mass of 1 kg and the other with a mass of 2 kg, start from rest. They each experience a constant force of 10 N for 1 s. What are their kinetic energies after the force has been applied?
